The Vistula Lagoon, an estuarine system exposed to both continental and marine impacts, is marked by rapid changes in local environmental conditions, including salinity levels, water transparency, temperature, pH, dissolved oxygen concentrations, trophic state and wind speed. Here, the effect of environmental factors on the abundance and horizontal distribution of zooplankton was analysed. A higher number of taxa were noted in the saltwater intrusion section of the Vistula Lagoon (Central Basin) compared to the area of freshwater inflow (Western Basin). The average density of the analysed zooplankton in the western section of the Vistula Lagoon reached 654 indiv. dm -3 , three-fold higher than in the central section (224 indiv. dm -3 ). Differences in zooplankton biomass were even more pronounced (13.43 mg dm -3 vs. 2.33 mg dm -3 ). The Central Basin of the Vistula Lagoon was dominated by Copepoda (approx. 50% total abundance), mostly Calanoida (genus Acartia) typically found in brackish waters. Marine species, including Acartia bifilosa and Acartia tonsa, were also reported. Species of freshwater 1 Corresponding author: epaturej@uwm.edu.pl Cladocera predominated in the Western Basin (over 50% total abundance, mostly the eutrophic species Chydorus sphaericus) where Copepoda were represented by a single cyclopoid species, Cyclops vicinus. The saline and freshwater environments of the Vistula Lagoon differed significantly (p<0.001) with respect to the abundance and biomass of zooplankton. The above differences resulted not only from salinity and temperature conditions, but also from dissolved oxygen concentrations, the trophic state of the investigated water body, and the existing biocenotic relationships.
INTRODUCTION
The Vistula Lagoon is an estuarine system exposed to strong continental (inflow of fresh waters) and marine (intrusion of salt waters from the Baltic Sea via the Strait of Baltiysk) impacts. The catchment basin of the Vistula Lagoon has a total surface area of 23.870 km 2 , whereas the lagoon covers 838 km 2 , including 328 km 2 in the Polish section. The total length of the Vistula Lagoon is 85 km, including 35.1 km on the Polish side, and its width ranges from 8 -10 km. The lagoon has an average depth of 2.4 m and a maximum depth of 5.1 m (Kondracki 2002) .
The initial biological reports regarding the Vistula Lagoon date back to the first half of the nineteenth century. According to Majewski & Prokofiewa (1975) , faunistic studies of the area were conducted in 1828 by Kleeberg, who described four bivalve species in an extensive dissertation. In the second half of the nineteenth century, successive research projects were undertaken by Schoedler (1866) , Zaddach (1878) , Mendthal (1889) and Seligo (1895) (Majewski, Prokofiewa 1975) . In depth biological investigations carried out in 1911 -1917 (Vanhöffen 1917 allowed the compilation of a list of zooplankton species in the Vistula Lagoon. The turn of the nineteenth and twentieth centuries witnessed considerable changes in the hydrological conditions of the Vistula Lagoon due to the flow regulation in the Lower Vistula system, and the process of widening and deepening the Strait of Baltyisk. New hydrological and biological studies were initiated by Willer (1925) and Seligo (1926) .
In 1950, Polish researchers began investigations, presenting their results in numerous valuable floristic and faunistic reports. Phytoplankton studies were conducted by Szarejko-Łukaszewicz (1957) ; the communities of aquatic vegetation were described by Szarejko (1955) ; protozoans were investigated by Biernacka (1956) ; and zoobenthos were characterised by Żmudziński (1957) . Fragmentary data on the abundance of zooplankton (Cladocera and Rotifera) were collected by Gieysztor et al. (1958) . The works of Wiktorów, Różańska and Adamkiewicz-Chojnacka paved the way for further research into zooplankton communities.
The role of zooplankton species as bioindicators in the brackish-water ecosystem of the Vistula Lagoon was stressed by Wiktor & Wiktor (1959) , Różańska (1962 Różańska ( , 1963 Różańska ( , 1964a Różańska ( , 1967 , AdamkiewiczChojnacka (1983) , and Adamkiewicz-Chojnacka & Heerkloss (1995) . Różańska (1963 Różańska ( , 1964b distinguished the alpha-and beta-oligohaline zones in the Vistula Lagoon based on zooplankton distribution patterns. The effects of eutrophication and pollution on zooplankton taxa, abundance and biomass were determined by AdamkiewiczChojnacka et al. (1985) , Adamkiewicz-Chojnacka & Fait (1987) , Adamkiewicz-Chojnacka & Różańska (1990) , Heerkloss et al. (1991) , and AdamkiewiczChojnacka & Heerkloss (1995) . No subsequent studies investigating zooplankton communities in the Vistula Lagoon had been conducted, until the present research was undertaken within the INTERREG programme.
Brackish water bodies are marked by rapid changes in local environmental conditions, such as salinity levels, Secchi disk visibility (SD), water temperature, pH, oxygen saturation, trophic state and wind (Paturej & Jabłońska 1999 , Shurin et al. 2000 , Paturej 2005b , Paturej 2007 . The factor that exerts the most substantial effect on the lagoon ecosystem is wind. Heat exchange, salinity and wave motion are determined by the direction and strength of the wind. Due to the relative shallowness of the Vistula Lagoon, wind blowing over its surface thoroughly mixes the water, thus preventing the development of temperature and salinity stratification, and inducing changes in the horizontal distribution of freshwater and brackish water organisms. Onshore and offshore winds cause water mass accumulation, providing the lagoon with a supply of biogenic salts that enrich the food base available to all organisms in the trophic pyramid (Ejsmont- Karabin & Węgleńska 1990 , Żmudziński et al. 1992 , Goździejewska et al. 2006 . The abundance of biogenic salts and water reaction supports the development of organisms typical of eutrophic waters, whereas the thermal factor has a selective effect due to sudden changes in water temperature and salinity. Therefore, organisms dwelling in estuaries are typically characterised by high ecological adaptability (Irvine et al. 1990 , Hall et al. 2002 , Telesh 2004 .
The objective of this study was to determine the effect of environmental factors on zooplankton communities in the Vistula Lagoon, by verifying the following hypotheses: zooplankton communities in the Vistula Lagoon may differ in respect to the number of taxa, abundance and biomass, depending on the trophic state of the water and salinity levels; the taxonomic structure, density and biomass of zooplankton may be affected by environmental factors (temperature, oxygen, SD, pH, content of biogenic compounds, chlorophyll a concentrations (CHL), suspended matter, total nitrogen level/total phosphorous level (TN/TP) ratio, density of organisms).
MATERIALS AND METHODS
According to the physical and geographical division of Poland into regions (Kondracki 2002) , the Vistula Lagoon is situated on the South Baltic Coastland, in the macroregion of the Gdańsk Coastland, and in the mesoregion of the Vistula Spit. The Vistula Lagoon is shared by Poland and Russia. In Poland, it is located east of the Vistula River mouth flowing into the Gdańsk Bay, whereas in Russia it stretches beyond the city of Kaliningrad. In respect to its biological and hydrographical conditions, the Polish section of the Vistula Lagoon is divided into two regions, one close to the river mouth, and a central region. The area near the river mouth comprises the south-western section of the lagoon, whereas the central region is the middle section of the water body, referred to as the Vistula Lagoon proper.
The Vistula Lagoon is a brackish water body. An important role is played by both the inflow of seawater through the Strait of Baltiysk, and freshwater. Salinity levels are highest in the Baltiysk region (10 PSU), decreasing with increasing distance from the Strait, in a south-western direction (toward the Vistula deltas) and in an eastern direction (toward the mouth of the River Pregola). Water salinity in the Polish section of the Vistula Lagoon, in the mixooligohaline zone, ranges from 0.5 PSU to 5 PSU. Lowest salinity levels are noted from February to April, most probably due to the presence of ice cover inhibiting the inflow of water from the Baltic Sea. Over the rest of the year, water salinity is determined by wind direction (Zorina 1975 , Goździejewska et al. 2006 . Freshwater is supplied by the rivers Pregola (44% of the water), Nogat (17%), Pasłęka (14%) and Elbląg (6%), which also introduce large amounts of biogenic substances (Łysiak-Pastuszak et al. 2004 ). The lowest salinity levels are reported in the southwestern section of the lagoon (Western Basin), and the highest, from the north-eastern section (Central Basin).
An analysis of zooplankton communities (Rotifera, Crustacea) in the Vistula Lagoon was based on materials collected from 21 sites ( Fig. 1 ) in August 2006 (sites 1 -11, Central Basin, high salinity levels; sites 12 -21, Western Basin, low salinity levels).
Water samples were collected in the water column with a five-litre Ruttner sampler, from the surface to the bottom, at 1 m intervals. A total of 25 litres of water were collected. Zooplankton samples were concentrated using an Apstein plankton net (30 μm), and fixed in Lugol's solution followed by 2 -4% formalin. Selected physicochemical parameters of the water (Table 1) were determined by standard methods (Standard Methods 1976) . A quantitative analysis of zooplankton was performed as described by Starmach (1955) , Hillbricht-Ilkowska & Patalas (1967) , Bottrell et al. (1976) and Ejsmont-Karabin (1998) . The values of biodiversity indicators (the Shannon-Weaver index, the Simpson index based on abundance and biomass, and Pielou's evenness index, species richness and the density of organisms) were determined as recommended by Odum (1982) and Krebs (1996) .
Meteorological data were provided by the Institute of Meteorology and Water Management, Branch in Gdynia, based on measurements performed at the Hydrological and Meteorological The obtained results, in the form of measurable indices, were processed statistically using the Statistica PL 8.0 software package. Similarities between the site groups (1 -11 and 12 -21) regarding zooplankton abundance and biomass were evaluated using the following non-parametric tests: the WaldWolfowitz test, the Mann-Whitney U test and the Kolmogorov-Smirnov test. The effect of abiotic environmental factors on the average abundance and biomass of zooplankton was determined by nonparametric statistics (the Pearson correlation coefficient).
RESULTS AND DISCUSSION
Zooplankton communities in the Vistula Lagoon may differ in the number of taxa, abundance and biomass depending on the trophic state of the water, and salinity levels
In the Vistula Lagoon, the structure and density of zooplankton depended on the environmental conditions in each part of the water body (Fig. 1 , Table 1 ). Secchi disk visibility ranged from 0.3 -0.5 m. Such low sunlight penetration was caused by the presence of both live and dead algal cells. The average content of suspended matter was 62.5 mg dm -3 , subject to small fluctuations. Average CHL was 41.1 μg dm -3 . The above is indicative of high primary productivity of algae in the Vistula Lagoon in the summer of 2006.
Most of the production volume (2/3) comprised dead algal cells, which points to intensive but shortlived blooms of blue-green algae, mainly in the section of the lagoon characterised by low salinity levels. The large amounts of dead organic matter floating in the water resulted in higher oxygen consumption levels. Average oxygen concentrations were found to exceed 8 mg dm -3 . The parameters determining the trophic water state in the Vistula Lagoon, i.e. the concentrations of TP and TN, were particularly high in the western, shallower section of the lagoon. Most of the phosphorus was assimilated by primary production, contained in live and dead algal cells. The nitrogen to phosphorus ratio (N:P = 3.1) was also indicative of the strategy of phytoplankton that involved algal blooms. The trophic state of the Vistula Lagoon as of August 2006 could be described as hypereutrophic.
According to Carlson & Simpson (1996) , the Vistula Lagoon falls into the above category based on the values of the Trophic State Index (TSI): CHL of 55.8 -75.9; SD of 70.0 -77.4; and TP of 77.4 -85.2. As demonstrated by Karabin (1985a) , the TSI based on SD is widely used in studies of lakes of various limnological types. This is a broadly recognised tool as its range of variability is relatively wide, thus encompassing all stages of water eutrophication. In addition, the above index is independent from the morphometric parameters and the mictic type of a water body, and it remains stable for relatively long periods of time. Other commonly applied trophic state indices, such as the concentrations of phosphates, chlorophyll and primary production, provide reliable information only at the moment of measurement.
The horizontal distribution of zooplankton in the Vistula Lagoon could be an effect exerted by the wind on this shallow water body (Paturej & Jabłońska 1999 , Paturej 2005a , Paturej 2007 ). Northerly and north-westerly winds with speeds between 2 -4 m s -1 predominated in the area, and days of calm weather were few (2.8%). Due to the shallowness of the Vistula Lagoon (average depth 2.4 m) even weak air currents contribute to water turbidity and nutrient enrichment, when biogenic substances accumulated in the bottom sediments return to the water column and become available to filter feeders (Gilewicz 1969 , Hillbricht-Ilkowska 1997 , Szlauer 1996 . Food availability contributed to increase in the abundance of planktonic animals in different parts of the lagoon.
During our study, a higher number of taxa were noted at sites 1 -11 in the saltwater intrusion section of the Vistula Lagoon (Central Basin), compared to sites 12 -21 in the area of freshwater inflow (Western Basin) (Fig. 2) , where a mass development of individuals within species was observed. The highest number of taxa were determined at sites 1 and 11, i.e. near Tolkmicko and Frombork, while the lowest were at sites 15 and 16, i.e. near Kąty Rybackie.
The abundance and biomass of zooplankton at the sampling sites varied widely (Fig. 3) . The values of the analysed parameters were several-fold higher in the less saline section of the lagoon. Particularly high values of zooplankton abundance and biomass were noted in the vicinity of the Elbląg Bay (sites 12, 19, 20 and 21). In this area, all of the investigated species formed large populations (331 -1264 indiv. dm -3 ) characterised by high biomass (4.64 -22.05 mg dm -3 ). In the more saline section of the lagoon, the density and biomass distribution patterns of planktonic animals were comparable, except at site 7 (highest salinity levels) where the lowest values of the analysed parameters were recorded: 108 indiv. dm -3 and 0.35 mg dm -3 . The contributions of all species to total zooplankton abundance and biomass were comparable. The average density of the analysed zooplankton (Fig. 4) in the western part of the Vistula Lagoon (sites 12 -21) reached 654 indiv. dm -3 , three-fold higher than in the central section (sites 1 -11, 224 indiv. dm -3 ). Differences in zooplankton biomass were even more pronounced (13.43 mg dm -3 vs. 2.33 mg dm -3 ).
Zooplankton communities are highly dynamic and are known to respond rapidly to changes in the aquatic environment (Fig. 5, Fig. 6a, b) . The Central Basin of the Vistula Lagoon was dominated by Copepoda (approx. 50% total abundance), mostly Calanoida (genus Acartia) typically found in brackish waters. Marine species, including Acartia bifilosa and Acartia tonsa, were also reported. Rotifers, small euryhaline planktonic organisms found in rheolimnic water bodies, had a 40% share of total zooplankton in saline habitats, while in freshwater habitats they accounted for less than 20% of the studied population. Species of freshwater Cladocera predominated in the Western Basin (over 50% total abundance, density of 200 -900 indiv. dm -3 , mostly the eutrophic species Chydorus sphaericus) where Copepoda were represented by a single cyclopoid species, Cyclops vicinus (density of 74 -554 indiv. dm -3 ). Paturej (2005b) and Hall et al. (2002) analysed the effect of salinity levels on the ecological diversity of brackish water bodies and found that the salinity gradient affects zooplankton communities and contributes to the development of ecologically diverse habitats. The number of rotifer taxa was relatively high in the Vistula Lagoon, but rotifer populations were usually small. Their biomass was determined by the presence of Copepoda, especially in the area of freshwater inflow that created a supportive environment for the development of C. vicinus (3.62 -21.8 mg dm -3 ). Crustaceans clearly dominated over rotifers in terms of both abundance and biomass.
The saline and freshwater environments of the Vistula Lagoon differed significantly (p<0.001) with respect to the abundance and biomass of zooplankton (Fig. 7a, b) . Most probably, periodic intrusions of seawater from the Baltic Sea through the Baltiyjsk Strait modified the horizontal distribution of zooplankton, decreased the temperature of water masses, improved oxygenation and changed the character of the studied environment from limnic to rheolimnic, thus supporting the development of brackish water and seawater species (mostly Calanoida) as well as species more tolerant of water flow and turbulence (protozoans, rotifers). Freshwater inflow in the Western Basin of the Lagoon contributed to the mass development of C. sphaericus and C. vicinus. ) of zooplankton at sites 1 -11 and 12 -21 in the Vistula Lagoon.
Simultaneously, wind-generated waves mechanically transported small planktonic organisms, in particular rotifers, towards the shores of the lagoon. The above dependences have been also observed in coastal lakes (Żmudziński et al. 1992; Paturej 2005a, b; Paturej 2007) .
The differences between the two investigated regions were also confirmed by the values of selected biocenotic indices (Table 2) . Diversity measured by the Shannon-Weaver index increased with an increase in the number of species per sample, provided that abundance and biomass were evenly distributed among these species. Higher species diversity was noted in the Central Basin (6 -11 species), compared with the Western Basin (5 -9 species) (Fig. 2) . The low values of the ShannonWeaver index in the western section of the lagoon point to the predominance of a single species, with a low share of the remaining taxa. In regards to Pielou's evenness index, an even distribution of each species in the sample (values approximating 1 at several sites) was observed in the Central Basin, but not in the western section of the lagoon. A decrease in the number of species, accompanied by the mass development of predominant individuals within species, is characteristic of brackish water bodies (Remane i Schlieper 1971) and progressing eutrophication (Karabin 1985a, b) . Rogozin (2000), Wang et al. (2007) and Kudari & Kanadami (2008) studied selected features of zooplankton structure in lakes of different trophic states and reported that an increase in the TSI led to structural simplification of zooplankton communities. The considerable abundance and biomass of crustaceans in the vicinity of the freshwater inflow, and the low species diversity of zooplankton, suggest progressing eutrophication in this section of the lagoon.
Unstable hydrological conditions contributed to biological differences between the two studied regions of the Vistula Lagoon. The compass rose (Fig. 8) showed moderate and even wave formation across the entire water body, and it is therefore likely that wave motion affected zooplankton communities in the analysed habitats. Unstable biocenoses in brackish water bodies support the development of specialised communities, characterised by a relatively poor qualitative composition that comprises euryhaline and eurythermal species with broad environmental tolerance (Paturej 2005b ).
The taxonomic composition, density and biomass of zooplankton may be affected by environmental conditions Abiotic environmental factors had a varied effect on the presence and density of zooplankton. The relationships between zooplankton abundance and biomass and selected environmental factors were studied (Table 3 ). There was a strong positive correlation between the dependent variable, i.e. zooplankton density, and the independent variable, i.e. the total phosphorus content of the water (p<0.001). A slightly weaker correlation was found for water temperature and oxygen saturation (p<0.05). The biomass of the analysed fauna was affected by the same parameters, but at a higher level of significance (p<0.01). Paturej (2005b) and Paturej & Goździewska (2005) investigated zooplankton communities in coastal lakes and found that the presence of rotifers was correlated with water temperature, whereas the occurrence of crustaceans was determined by water transparency and the concentration of oxygen and chloride ions. The development of thermophilous rotifers and cladocerans (large populations of the eutrophic species C. sphaericus) was noted in the present study. Favourable thermal conditions (average temperature 20.6°C) contributed to increased activity -more intensive feeding, higher metabolic rates and increased fertility -of planktonic organisms. A negative correlation was observed for water pH (p<0.01), suspended matter and the TN/TP ratio (p<0.05).
According to Karabin & Ejsmont-Karabin (1993 , shallow and polymictic lakes (e.g. coastal lakes) undergo extensive eutrophication, whereas deep stratified lakes (e.g. lakes near Suwałki) are more resistant to this process. Further degradation of brackish lakes and their catchment areas should be prevented since they form an effective buffer zone that makes it impossible for toxic biological substances to penetrate into the sea (Łysiak-Pastuszak et al. 2004 ). Estuaries and lagoons in the Polish Baltic Coastal Zone act as both physical and biological "trophic traps". These transition zones between the land and the sea form aquatic ecosystems, often referred to as "coastline filters".
CONCLUSIONS
1. The number of species, abundance, and biomass of planktonic animals in the Vistula Lagoon were spatially differentiated. The reason for the observed fluctuations in the zooplankton community was changes in abiotic environmental factors. 2. The studied zooplankton comprised freshwater and seawater euryhaline species and forms typical of brackish water. At all sampling sites, crustaceans dominated over rotifers in abundance and biomass. 3. The following zooplankton genera and species characteristic of water bodies with high trophy levels were noted: the genus Keratella, and species Anuraeopsis fissa, Brachionus angularis, Filinia longiseta, Pompholyx sulcata, Trichocerca pusilla, Bosmina longirostris, Chydorus sphaericus, Diaphanosoma brachyrum and Mesocyclops leuckartii. 4. The taxonomic structure and spatial distribution of zooplankton in the Vistula Lagoon were determined by the contact of the Central Basin with the Baltic Sea waters, and of the Western Basin with river waters. Statistically significant differences were found between the analysed regions with respect to the density and biomass of planktonic animals (three-fold higher abundance and six-fold higher biomass in the Western Basin). 5. High species diversity was observed in the Central Basin, dominated by Calanoida (genus Acartia) typically found in brackish and sea waters. Species of freshwater Cladocera, mostly Chydorus sphaericus, predominated in the Western Basin, accompanied by a single cyclopoid species, Cyclops vicinus. The above differences resulted not only from salinity and temperature conditions, but also from dissolved oxygen concentrations, the trophic state of the investigated water body and the existing biocenotic relationships. Unstable hydrological conditions contributed to biological differences between the two studied regions of the Vistula Lagoon. 
